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1. Introduction

Graphene is a single atomic layer of sp2-hybridized carbon
atoms arranged in a honeycomb lattice with dimensions
ranging from a few hundred nanometers to tens of micro-
meters.[1] Various different types of graphene can also be
defined depending on the number of layers, layer dimension,
and amount of oxygen present in the carbon structure.[2] The
family of graphene-based materials exhibit a unique set of
electronic, mechanical, and thermal properties.[3] Conse-
quently, a wide variety of applications have been designed
for graphene materials in sensing,[4] energy storage,[5] catalyst
support,[6] supercapacitors,[7] and optoelectronic devices.[8] In
most of these applications, graphene is supported on a sub-
strate, because the production and handling of graphene in
solution is technically challenging. This is due to the well-
known graphene tendency toward restacking, and/or to the
creation of defects that may negatively affect graphene
properties. As a result, works on modified graphene in
solution often include materials that are quite heterogeneous,
and structurally not so well-defined. By contrast, the use of
graphene on substrates has notable advantages, as it mini-
mizes such issues. Indeed, the growth and deposition of
graphene on substrates is an ideal approach to produce single
monolayers of graphene of large dimensions, and similar
structures that are suitably controlled for electronic use.[9]

Chemical functionalization of graphene on substrates is
a topic of paramount importance, because it allows for the
fine-tuning of the materialÏs chemical and physical proper-
ties.[10] Graphene derivatization occurs through introduction
of complex moieties, such as biomolecules, catalysts, poly-
mers, or simply through addition of functional groups that can
act as anchor sites for further modification. There are two
main strategies to derivatize graphene on substrates: the
covalent and the noncovalent approach. In particular, cova-
lent functionalization is the most frequently employed route
to modify carbon materials,[11] as it is easy to control and
yields products of high stability over time and chemical
conditions. This review focuses on the latest developments in
covalent functionalization of graphene on substrates, includ-
ing the newest findings in understanding factors affecting
graphene reactivity, e.g., the production route to graphene-
based materials (GBMs) and the substrates used. We will also

analyze how graphene properties are affected by derivatiza-
tion. Readers more generally interested in graphene modifi-
cation routes (both covalent and noncovalent, on substrates
or in solution) are referred to recent detailed accounts[12] and
comprehensive reviews.[13]

In the remainder, we will apply the classification frame-
work for GBMs as recently established within the European
Union’s GRAPHENE Flagship project, to ensure consistent
and correct term use.[2] Since this review focuses on graphene
on substrates, we will also adopt an analogous nomenclature
to the one introduced by Koehler and Stark (Figure 1),[14] to

clearly differentiate the type of substrate that supports
graphene, the kind of GBM used, and the organic molecule
to which graphene is covalently linked.

2. Preparation of Graphene on Substrates

To understand and master reactivity toward covalent
modification of graphene on substrates, it is imperative to first
understand how the graphene properties depend on the
graphene-on-substrate production route. There are numerous
methods to obtain graphene on substrates of various quality.
Both top-down[15] and bottom-up[16] approaches have been
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The utilization of grown or deposited graphene on solid substrates
offers key benefits for functionalization processes, but especially to
attain structures with a high level of control for electronics and “smart”
materials. In this review, we will initially focus on the nature and
properties of graphene on substrates, based on the method of prepa-
ration. We will then analyze the most relevant literature on the func-
tionalization of graphene on substrates. In particular, we will compa-
ratively discuss radical reactions, cycloadditions, halogenations,
hydrogenations, and oxidations. We will especially address the ques-
tion of how the reactivity of graphene is affected by its morphology
(i.e., number of layers, defects, substrate, curvature, etc.).
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Figure 1. Nomenclature for functionalized graphene on a substrate.
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widely described.[9, 17] Graphene on substrate is mainly
produced by chemical vapor deposition (CVD) on metallic
substrates (CVDG) or by epitaxial growth (EG). These
bottom-up techniques produce high-quality monolayer and
multilayer graphene films with a relatively small number of
defects, thus making them useful for applications in electronic
devices.

CVD is traditionally applied on metals, especially (poly-
and monocrystalline) copper or nickel surfaces at high
temperatures (� 1000 88C), using methane or acetylene as
carbon source under hydrogen flow, mainly to keep the
catalyst in its metallic state.[16, 18] In general, copper surfaces
are superior substrates because they lead to monolayer
graphene, whereas nickel is usually employed for preparing
few-layer graphene. Recently, efforts have been devoted to
optimize CVD synthesis by adopting more efficient heating
methods or alternative low-temperature conditions. Exam-
ples include radio frequency magnetic inductive heating
(RFCVD),[19] hydrogen-free processes such as plasma-
enhanced CVD (PE-CVD),[20] rapid thermal CVD
(RTCVD) at low temperature,[21] ambient-pressure CVD
(APCVD),[22] or low-pressure CVD (LPCVD).[23]

EG is usually based on the thermal desorption of silicon
from monocrystalline silicon carbide (0001).[24] In this type of
substrate, there are two different surfaces, i.e., Si-terminated
and C-terminated faces. Graphene that is grown from Si-faces
is more adequate for high-speed electronic devices, given that
it is a homogeneous few-layer graphene with high carrier
mobility. In addition, the number of graphene layers may be
determined through temperature control. By contrast, gra-
phene grown on C-faces is heterogeneous and multilayered

because of the higher reactivity of the surface. The main
disadvantages of this production method are that SiC is an
expensive substrate, and that EG is difficult to transfer onto
other substrates. Alternatively, other monocrystalline metal
substrates can be used in CVD to yield EG.[22b,25] However,
the materials employed are costly, and thus limited by their
small dimensions, hindering the scale-up of graphene pro-
duction.

Graphene prepared by all the methods described above is
viable for the production of graphene-based electronic
devices. However, the corresponding substrates are typically
too expensive, or simply unsuitable for such use. For this
reason, transfer processes of graphene onto more appropriate
substrates is often required, e.g., through peeling[26] or etching
by oxygen plasma[27] and catalytic metals.[16,28]

Graphene on substrates can also be produced by top-
down physical and chemical exfoliation of bulk graphite,[15b]

followed by graphene film deposition. Several methods have
been developed such as electrochemical exfoliation,[29] liquid
phase exfoliation,[30] graphite intercalation,[31] chemical oxi-
dation followed by reduction,[32] and mechanical cleavage.[33]

The advantage of these routes is that exfoliated graphene
(XG) suspensions can be conveniently deposited on a sub-
strate of choice. This can be achieved in several ways, for
example, by peeling,[1a] covalent attachment,[34] spraying,[35]

drop-casting,[36] spin-coating,[37] and dip-coating.[38] These
methods are cost-effective, versatile, high-yield, and allow
for large-scale output. However, size and thickness of the
obtained few-layer graphene materials are of limited homo-
geneity.
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3. Covalent Functionalization

Within the family of carbon nanomaterials, such as
fullerenes, carbon nanotubes, and carbon nanohorns, gra-
phene shows the lowest reactivity because of the lower
curvature in the basal plane.[39] Indeed, according to p-orbital
axis vector (POAV) analysis, the carbon atoms that are
located in highly curved surfaces show higher chemical
reactivity, due to decreased electronic delocalization.[40]

However, graphene is not a totally flat material, as it exhibits
intrinsic out-of-plane deformations.[41] Accordingly, carbon
atoms at corrugated parts, edges, and defects are more
reactive than those in the basal plane.[39, 42]

Many efforts have been made for the functionalization of
GBMs in both covalent and noncovalent fashion.[12,13] Cova-
lent modification is the most studied form of graphene
functionalization. This is due to the fact that covalent
functionalization causes the most significant changes to the
electrical properties of graphene, such as the opening of zero
bandgap, and allows for the introduction of a wide variety of
functional groups on the graphene surface. For this reason,
the direct modification of graphene on substrates is very
attractive. It is worth noting that generalizations in this
respect can be misleading, because the outcome of graphene
derivatization is strongly influenced by a number of factors
that should not be neglected (e.g., graphene shape). There-
fore, in this Review, we will clearly distinguish among the
different graphene types on substrate materials.

Covalent functionalization of graphene on substrates is
carried out by using diverse protocols. Reaction conditions
are usually determined by the type of functionalization. In
general, commonly employed procedures consist of placing
graphene on substrates in contact with reagents in solution, of
drop-casting the reactive solution onto graphene on sub-
strates, of flowing-gas reagents, or of using plasma phases.

The extent of graphene functionalization can be roughly
determined by Raman spectroscopy. An increase of the D-
band with respect to the G-band is generally attributed to an
increase of the defects, also associated with functionalization.
Therefore, the intensity ratio ID/IG between D-band and G-
band can be considered a measure of the functionalization
degree.

In the following paragraphs, we will analyze the various
approaches toward functionalization of graphene on sub-
strates based on reaction classes, including the characteristic
advantages/disadvantages of each process (Table 1). Covalent
derivatization routes are grouped in: radical reactions, cyclo-
additions, and single-atom introductions.

3.1. Radical Reactions

A very popular approach for the functionalization of
graphene surfaces is the addition of aryl radicals generated
from the reduction of diazonium salts. The as-formed radical
then attacks the sp2-hybridized graphene framework, forming
new C(sp3)–aryl bonds.[43] This strategy leads to high func-
tionalization degrees and has also the advantage of being
tolerant of a variety of conditions (e.g., the solvent used). In

addition, the reactive diazonium salts can be conveniently
generated in situ in one-pot reactions. However, the high
efficiency of the generation of radical species is a double-
edged sword, as it often translates into poor control of the
functionalization. In fact, it has been shown that the diazo
coupling route often leads to not-well-defined chemical
structures attached on the graphene surface. Local oligomer
formation can be due to the reaction of excess aryl radicals
with graphene-attached aryl groups (Figure 2a).[44] Growth of

aryl layers is also possible through aromatic homolytic
substitution with aryl groups (or biaryl coupling), thus
creating aryl oligomers prior to their addition onto gra-
phene.[45] Evidence of aryl oligomers has been provided by
scanning tunneling microscope (STM) imaging, which
revealed emergence of an irregular surface upon diazo-
coupling on graphene (Figure 2b,c). Efforts to control this
process and to eliminate the formation of the resulting
undesired organic insulating layer on graphene would be very
valuable for the implementation of this route in conductive
devices.[46]

The chemical properties of graphene on a substrate
depend strongly on the graphene shape, number of layers,
and nature of the substrate, as previously mentioned. This
dependence is clearly reflected in diazonium chemistry. The
substrate has a marked influence on reactivity.[47] CVD-grown
graphene was transferred onto a variety of substrates using
a polymer-mediated transfer method, and it was subsequently
functionalized with 4-nitrophenyl diazonium tetrafluorobo-

Figure 2. a) Aryl diazonium coupling on S/G. b,c) STM images of SiC/
EG-(pNO2Ph) at low (b) and high (c) magnification showing the
presence of oligomers. Reproduced from Ref. [44], Copyright 2012
American Chemical Society.
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rate (Figure 3).[47a] The tested substrates were: a single-crystal
wafer of a-Al2O3 (c-face sapphire); and three substrates of
SiO2 on a silicon wafer, namely: bare SiO2, and SiO2 coated
either with a self-assembled monolayer of octadecyltrichlo-
rosilane (OTS) or a mechanically exfoliated flake of single-

crystal hexagonal boron nitride (hBN). Functionalization was
assessed by Raman spectroscopic mapping, which revealed
a higher ID/IG ratio for graphene on SiO2 and Al2O3 relative to
graphene on hBN- and OTS-treated substrates, indicating
lower reactivity for hydrophobic substrates. Contact-angle

Table 1: Main covalent functionalization processes of graphene on substrates.

Reaction Advantages Disadvantages Type of graphene Functionalization
level (Raman ID/IG)

Ref.

Diazo
coupling

high functionalization degree potential oligomerization
(poor control)

SiO2/CVDG-NO2Ph 0.86–0.88 [42a]
Al2O3/CVDG-NO2Ph 1.2 [47a]
Si-OTS/CVDG-NO2Ph 0.25 [47a]
hBN/CVDG-NO2Ph 0.25 [47a]

tolerance for different experimental condi-
tions (e.g., different solvents, preparation of
precursors in situ or ex situ)

SiO2/CVDG-NO2Ph 1.5 [47a]
heating and radical condi-
tions not suitable to intro-
duce sensitive biomolecules

SiO2/XG-NO2Ph 0.3–0.6 [47b]
SiC/EG-NO2Ph 2.6 [48a]
Si/SLG-NO2Ph 0.19-0.42[a] [48b]

wide applicability to introduce different
chemical groups

Si/SLG-NO2Ph (edges) 0.39–0.76[a] [48b]
Si/BLG-NO2Ph 0.01 [48b]

introduction of many defects PDMS/XG-NO2Ph 0.37–0.56[b] [48d]
possibility of performance in water or dry
conditions (green conditions)

PDMS/XG-BrPh 0.20–0.57[b] [48d]
PDMS/CVDG-NO2Ph 0.35–0.82[b] [49a]
PDMS/CVDG-BrPh 0.2–0.6[b] [49a]
PDMS/CVDG-MeOPh 0.25-0.85[b] [49a]

Polymerization devoid of defect introduction, preserves
graphene chemical structure

coverage of large areas of
graphene surface, which
becomes inaccessible for fur-
ther chemistry

Cu/CVDG-polystyrene 0.0–0.6[c] [54]

rapid method to introduce large molecules impossibility to monitor the
degree of functionalization by
Raman[c]

ease of fine-tuning the material morphology
due to the polymer (e.g., thermorespon-
siveness; brush to mushroom morphology
transitions)

impossibility to functionalize
high-quality graphene that is
virtually devoid of defects[c]

SiC/EG-polystyrene 0.0–0.6[c] [54]

Cycloaddition high level of control of functionalization
degree and defects

reversibility (if undesired) Si/XHOPG-DA-MA[d] 0.0–0.63[e] [57]
SiC/EG-DA-MA[d] 0.3 [57]

wide applicability to introduce different
chemical groups

Si/XSLG-DA-TCNE[d] >1 [57]
heating conditions not suit-
able to introduce sensitive
biomolecules

Si/XHOPG-DA-TCNE[d] 0.22 [57]
Si/XHOPG-DA-DMBD[d] 0.06–0.38[e] [57]

Reversibility (if desired) SiC/EG-DA-DMBD[d] 0.0–0.5[e] [57]
Si/XHOPG-DA-MeA[d] 0.09–1.88[e] [57]

Introduction
of single
atoms

ability to achieve electrical insulation Si/CVDG-Cl 1.3–2.1 [74b]
high levels of functionalization are possible Si/XG-Cl 1.3–2.1 [74b]
very fast reactions aggressive conditions not

suitable to introduce sensi-
tive biomolecules or labile
groups

Cu/CVDG-F 1[g] [74a]
possibility of performance in dry conditions Cu/XG-F 1[g] [74a]

specific apparatus and exper-
tise required (e.g., plasma
generator, use of toxic gas-
reactants)

SiO2/XGNR-F[f ] 1.5 [74e]
possibility of using halogens as leaving
groups to introduce sensitive biomolecules
or other chemical

SiO2/XGNR-Cl[f ] 2.5 [74e]

halogenation is efficient only
on monolayer graphene

SiO2/XGNR-H[f ] 3.2 [74e]

[a] Functionalization degree depends on experimental conditions (e.g., temperature, reactant concentration). [b] Functionalization degree depends on
strain applied to the flexible substrate, thus introducing wrinkles on graphene. [c] Reaction occurs on existing defect sites, thus ID/IG does not change
upon functionalization. [d] DA = Diels–Alder reaction; TCNE= tetracyanoethylene; MA =maleic anhydride; DMBD= 2,3-dimethoxy-1.3-butadiene;
MeA =9-methyl-anthracene. [e] Functionalization degree depends on temperature, which can also revert the reaction. [f ] GNR =graphene
nanoribbons. [g] CVDG reacts faster than XG.

..Angewandte
Reviews

A. Criado, M. Prato et al.

10738 www.angewandte.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 10734 – 10750

5

http://www.angewandte.org


measurements were in agreement with these results, as they
confirmed an inverse correlation between hydrophobicity and
chemical reactivity. The higher reactivity observed for hydro-
philic substrates (i.e., SiO2 and Al2O3) was attributed to
higher electron-hole fluctuations in the Fermi level of
graphene produced by charged impurities or polar adsorbates
that were present on the underlying surfaces. Accordingly, the
lower reactivity observed for hydrophobic surfaces was
rationalized in terms of increased distance between such
charged puddles and graphene (i.e., due to a bilayer in the
case of hBN or the organic film for OTS-coated samples).

Strong evidence supported the dependence of chemical
reactivity also on other key factors: the number of graphene
layers and the site of graphene (i.e., bulk surface or edges).[48]

Single-layer (SL), bilayer (BL), and multilayer (ML) gra-
phene obtained from the micromechanical cleavage of bulk
graphite were deposited on a silicon wafer and treated with 4-
nitrophenyl diazonium tetrafluoroborate (Figure 4). Raman
spectroscopy was employed to observe the difference in the
reactivity of the different materials. SLG sheets proved to be
almost ten times more reactive than BLG and MLG. In
addition, the edges of SLG were at least twice more reactive
than the bulk SLG sheets. There is an inverse relationship
between reactivity and number of graphene layers owing to
the presence of charged impurities on the substrate. Their net
effect is an increase of the available electron density for
electron transfer with the reactant, thus increasing the
reactivity of graphene. This effect is more pronounced in
a single layer relative to bi- or multilayer graphene, because of
the increased distance in the latter between the charged
puddles and the top layer of graphene that is available for
functionalization. Besides, the higher reactivity of graphene

edges relative to bulk graphene can be rationalized in terms of
dangling bonds or an altered electronic structure at the edges,
with symmetry-breaking of the honeycomb lattice as com-
pared to the bulk region.

The chemical properties of graphene on a substrate also
depend on the graphene shape. Recently, supported graphene
was deformed through the participation of SiO2 nanoparticles
(NPs) to study its reactivity.[42a] CVD-grown graphene was
transferred onto SiO2 NPs, which were previously deposited
on a silicon surface (Figure 5). SEM images of SiO2/CVDG
showed sites of different high curvature in the graphene
structure. Next, samples were treated with the aryl radical
precursor, 4-nitrophenyl diazonium tetrafluoroborate. Cova-
lent functionalization was confirmed by Raman spectroscopy
and XPS analysis. Spatial distribution of the aryl groups on
the sample surface was evaluated using 2D micro-Raman
mapping in the D-band region, revealing a higher increase of
the ID/IG ratio in the deformed areas of the graphene surface.
These results suggest that reaction of the aryl radicals is
favored on the curved regions of graphene obtained thanks to
the presence of the underlying NPs.

Deformations on graphene layers produced by mechan-
ical strain can also tune the chemical reactivity of graphene.[49]

To this end, a flexible substrate can be used, such as
polydimethylsiloxane (PDMS).[49a] When a mechanical
strain was applied by stretching the PDMS, a reversible,

Figure 3. Scheme of diazonium coupling onto graphene (top) and the
different materials used as substrates to support graphene. SDS= So-
dium dodecyl sulfate. Based on Ref. [47a].

Figure 4. Optical images of a) SLG (L1), BLG (L2), and b) MLG (L3).
Raman spectra of functionalized c) SLG, d) BLG, and e) MLG on
silicon wafer. D =disorder-induced mode, G= E2g vibrational mode of
sp2 bonded carbon atoms. Reprinted from Ref. [48b], Copyright 2010
American Chemical Society.

Graphene Functionalization
Angewandte

Chemie

10739Angew. Chem. Int. Ed. 2015, 54, 10734 – 10750 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

6

http://www.angewandte.org


non-homogeneous, and damage-free deformation was pro-
duced on the graphene structure. Next, graphene was
functionalized with different aryl diazonium molecules such
as 4-nitrophenyl diazonium, 4-bromophenyl diazonium, and
4-methoxyphenyl diazonium (4-MBD) salts, and compared
with the corresponding functionalized PDMS/G substrates
onto which a strain had not been applied. Strained graphene
samples showed a reactivity that was up to ten times higher
than that of the unstrained samples. Furthermore, mechanical
strain enabled the functionalization with 4-nitrophenyl diazo-
nium, which showed negligible reactivity on unstrained
graphene (Figure 6). In addition, p- and n-type doping was
achieved in the functionalized graphene depending on the
used diazonium salt (p-dopant: 4-nitrophenyl group, n-
dopant: 4-methoxyphenyl group). The doping was observed
through the shift of the G and 2D
bands in Raman spectroscopy, in par-
ticular, through up- or down-shifting to
p- or n-type doping, respectively.

Aryl radicals are usually produced
from aryl diazonium salts through
thermal decomposition. Alternatively,
electrochemical decomposition of
diazonium salts under mild conditions
is also possible.[50] Such an approach
was used for the functionalization of
large-area high-quality SLG obtained
by CVD and transferred onto a layer of
SiO2 atop a silicon wafer. In the
electrochemical process, the SiO2/SLG
was used as a working electrode in
cyclic voltammetry (CV) experiments,
through immersion in an acidic aque-
ous solution of the reactant, i.e., 4-
nitrophenyl diazonium tetrafluorobo-
rate. Remarkably, homogeneous func-
tionalization was achieved, with an
estimated nitrophenyl group coverage
of 12.7–20.0% of the graphene surface.
Subsequently, the nitro groups were
electrochemically reduced to amino
groups. Eventually, the process, which

includes radical addition followed by reduction, brought
about the formation of C¢C bonds on the graphene surface,
where the n-type doping with amino groups might produce
a bandgap opening in the graphene material and modulate its
carrier mobility in a controllable way.

Organic groups introduced through diazonium chemistry
on supported graphene can also be exploited to harness
further modification with more complex molecular entities
such as DNA, proteins, and antibodies for potential applica-
tions in biosensing or to immobilize biomolecules. In light of
the selective reactivity of aryl radicals on hydrophilic surfaces
as described above,[47a] CVD-grown graphene was transferred
through reactivity imprint lithography onto a patterned
substrate displaying both hydrophobic (OTS) and hydrophilic
(SiO2) areas. Next, it was functionalized with 4-carboxyphe-
nyldiazonium tetrafluoroborate (Figure 7). The introduction
of the carboxyphenyl moieties was confirmed by attenuated
total reflectance infrared (ATR-IR) analysis. Attachment of
carboxyphenyl groups on graphene allowed to create amide
bonds with Na,Na-bis(carboxymethyl)-l-lysine hydrate lead-
ing to the formation of nitrilotriacetic acid (NTA) units that
could chelate nickel(II). In this way, upon addition of NiCl2,
functionalized graphene displayed NTA-Ni complexes that
were used as anchors for polyhistidine (His)-tagged EGFP
(enhanced GFP; GFP = green fluorescent protein), allowing
for detection by confocal fluorescence microscopy.

In addition to the diazonium salt chemistry, an alternative
phenyl radical addition method is the photochemical
approach, using benzoyl peroxide as phenyl radical precursor,
under laser illumination (Figure 8a).[51] The reaction was
performed with mechanically exfoliated graphene on a sili-
con-oxide-coated silicon wafer (SiO2/G). Covalent function-

Figure 5. Selective functionalization on local curvatures of SiO2/CVDG
underlying gold NPs. Adapted from Ref. [42a], Copyright 2013 Royal
Society of Chemistry.

Figure 6. a,b) Schematic functionalization of strained PDMS/G with 4-MBD. c,d) Raman data of
15% and 0% strained PDMS/G-(p-CH3Ph). Reproduced from Ref. [49a], Copyright 2013 American
Chemical Society.
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alization was confirmed by the appearance of an intense D-
band at 1343 cm¢1 in the Raman spectra (Figure 8b). The
proposed mechanism for this reaction initiates with an
electron transfer from the photoexcited graphene onto the
physisorbed benzoyl peroxide. Subsequently, the correspond-
ing excited species decompose to the phenyl radical, which
reacts with the sp2 carbon atoms of the graphene basal planes.
In addition, the reactivity of SLG and few-layer graphene
(FLG) micro-scale films was compared, revealing a reactivity
that was 14 times higher for the former relative to the latter.
As the photochemical reaction was carried out in a graphene
field-effect-transistor (GFET) device, the electrical conduc-
tivity notably decreased (50 %) in agreement with the
introduction of defect centers, and with the increment of the
p-type doping level due to the physisorption of benzoyl
peroxide on the graphene surface (Figure 8c,d).

Another way of generating phenyl radicals is the electro-
chemical decomposition of aryl iodonium salts.[52] SiC (0001)/
EG was functionalized with trifluoromethylphenyl (CF3C6H4-),
which is a nonreactive, hydrophobic, electron-withdrawing
group, obtained from a symmetric aryl iodonium salt
(Figure 9). The applied reduction potential necessary for the
decomposition of the corresponding iodonium salt was higher
in comparison to their analogous diazonium salts. Impor-
tantly, the electrochemical anchoring of CF3C6H4-moieties on
EG increased the number of electronic states and the
hydrophobicity of the graphene material due to the perpen-
dicular orientation of the fluorine groups to the surface.

A particular case of radical functionalization of aromatic
moieties on supported graphene is the reversible Kolbe
reaction for the engineering of the band structure of
graphene. The reaction consists of an electrochemical oxida-
tion of carboxylate groups with subsequent addition of the
corresponding carbon radicals.[53] In particular, the reversible
electrochemical functionalization was based on the radical
addition of 1-naphthylmethyl groups (Naph-CH2-) to SiC/EG.
The material was used as a working electrode in CV
experiments, and thus it was immersed in a solution of 1-
naphthylacetic acid. When an oxidation potential was applied,

Figure 8. a) Radical functionalization of graphene with phenyl groups
by photochemical decomposition of benzoyl peroxide in a drop-cast
solution on SiO2/G. b) Raman spectra, c) output, and d) transfer
properties (VSD =1 mV) of SiO2/XG before (blue) and after (red)
functionalization. Reproduced from Ref. [51], Copyright 2009 American
Chemical Society.

Figure 7. Anchoring of fluorescent protein onto functionalized CVD-G
on OTS-patterned SiO2. PBS = phosphate buffered saline. Based on
Ref. [47a].

Figure 9. Proposed mechanism for radical functionalization of SiC/EG
with trifluoromethylphenyl iodonium based on Ref. [52].
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the oxidation of 1-naphthylacetate occurred (at 0.93 V vs.
SCE), allowing for the chemical modification of graphene
through the addition of 1-naphthylmethyl radicals
(Figure 10). Complete functionalization of EG was easily
achieved through the first scan (scan rate = 0.2 Vs¢1), as
confirmed by the disappearance of the CV curve in successive
cycles. SiC/EG-CH2Naph showed a surface coverage by the
introduced organic groups corresponding to 1 ×
10¢9 molcm¢2. It is also worth noting that the complete
passivation of the graphene surface was independent on the
concentration of the radical precursor. A very interesting
aspect is also that the whole process is completely reversible.
Indeed, a complete defunctionalization was achieved through
two cycles of oxidative CV (between 1 and 2.5 V vs. SCE).
Remarkably, the resulting graphene material showed an
electrical behavior similar to pristine EG, and its surface
could be refunctionalized again under oxidative conditions.

Radical reactions on graphene are also
considered a powerful chemical strategy to
couple polymers to graphene surfaces. In situ
covalent modification by photopolymeriza-
tion with styrene was performed on SiC/EG
and Cu/CVDG, to afford polystyrene brushes
on the carbon material by using a mask
(Figure 11).[54] Covalent attachment was con-
firmed by diffuse-reflectance infrared Fourier
transform spectroscopy showing the charac-
teristic vibrational modes of polystyrene
groups. The UV-induced polymerization did
not cause more defects in the conjugated
graphene structure as confirmed by the
unchanged ID/IG ratio in scanning Raman
spectroscopy, and by the absence of variations
in electrical transport measurements. These
results suggest that photopolymerization took
place at existing defects in the basal plane of
graphene.

More recently, direct photopolymerization
of CVDG transistors on a poly(methyl meth-
acrylate) (PMMA) substrate was described to
create a versatile scaffold for biosensing
applications.[55] This functionalization onto
GFET allowed for the detection of the neuro-
transmitter acetylcholine through two func-
tionalities (Figure 12). To obtain the corre-

sponding functionalities, two monomers were used, 1) tert-
butyl methacrylate (tBMA) to introduce the carboxyl groups
for the enzyme immobilization on graphene through a peptide
bond, and 2) the N,N-dimethylaminoethyl methacrylate
(DMAEMA) to incorporate pH-sensitive functional groups
for the detection of byproducts of the enzymatic reaction. The
functionalization was confirmed through XPS of the nitrogen
1s core level, which showed the corresponding peaks for the
dimethylamino groups in the polymer. However, the covalent
functionalization did not lead to the introduction of addi-
tional defects, as shown by the unchanged D-band in Raman
spectra. Analogously to the polymerization method described
above, also in this case the polymerization probably occurs at
the existing defects in the graphene structure.

Figure 10. Reversible electrochemical production of SiC/EG-CH2Naph.

Figure 11. UV-assisted polymerization on single-layer Cu/CVDG. Repro-
duced from Ref. [54], Copyright 2011 American Chemical Society.

Figure 12. a) Schematic representation of GFET-biosensor based on photopolymerized
PMMA/CVDG. b) Sensing mechanism of the biosensor. c) Formation of PMMA/CVDG
functionalized with enzyme. d) Structure of GFET. Reprinted from Ref. [55], Copyright
2014 American Chemical Society.
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3.2. Cycloaddition Reactions

The reversible modification of bandgap and conductivity
of graphene on a substrate can usually be performed by
Diels–Alder reactions. A [4++2] cycloaddition on graphene
leads to changes of the hybridization of a pair of neighboring
carbon atoms of the conjugated system from sp2 to sp3,
resulting in an efficient opening of a bandgap on the carbon
material. The [4++2] cycloadditions are governed by HOMO–
LUMO interactions between diene and dienophile, and the
energy gap between the orbitals is inversely proportional to
reactivity. The Dirac point, i.e., the point at which the
conduction and valence bands of graphene converge at the
Fermi level allows graphene to behave both as a diene and as
a dienophile in [4++2] cycloadditions.[56] Sarkar et al. have
studied the reactivity of XG and EG on Si substrates in Diels–
Alder reactions.[57] On one hand, the use of graphene as diene
was performed with the activated dienophiles tetracyano-
ethylene (TCNE) and maleic anhydride (MA), and the
reaction was monitored by Raman spectroscopy (Figure 13).
The reaction of two graphene derivatives with TCNE at room
temperature showed a significant increase of the ID/IG ratio
that was reversed when the temperature was raised, confirm-
ing the reversibility of the process. In addition, the reaction of
MA with Si/EG showed functionalization at 70 88C, whereas
the retro-Diels–Alder product was observed at 150 88C. This
covalent functionalization is very interesting for the rever-
sible engineering of the graphene bandgap and conductivity
for electronic applications.

On the other hand, the role of graphene on Si substrates as
dienophile was investigated using 2,3-dimetoxy-1,3-buta-
diene. Graphene adducts obtained at 50 88C showed a higher
level of functionalization than those obtained at higher
temperatures due to their instability. The complete retro-
Diels–Alder reaction was also in this case accomplished at
150 88C.

Graphene can also react as a diene in [4++2] cycloadditions
with arynes. To date, several aryne cycloaddition reactions on
different carbon nanomaterials have been described. Benzyne
cycloaddition to fullerene, for instance, leads to [2++2]
adducts.[58] However, for reactions performed on carbon
nanotubes,[59] carbon nanohorns,[60] and graphene[61] there is
no experimental evidence as yet about the exact structure of
the adduct obtained. Several theoretical studies suggest that
the kind of benzyne cycloaddition onto carbon nanotubes
(i.e., either [4++2] or [2++2]) depends on different parameters,
such as the kind of carbon nanotube used (i.e., number of
walls, chirality, etc.) and its diameter.[59b, 62] Similarly, it is
reasonable to assume that both mechanistic pathways are
possible for carbon nanohorns, in light of the different
diameters which are simultaneously present in their conical
nanostructures.[60] In the case of graphene, theoretical calcu-
lations argued that the reaction with benzyne on a graphene
fragment of 4 × 4 unit cells occurred through [2++2] cyclo-
addition.[63] However, taking into account the characteristics
of the graphene structure, including defects, roughness, and
deformations, it appears reasonable to consider that both
[4++2] and [2++2] cycloadditions can take place (Figure 14).

Aryne cycloaddition on supported graphene was carried
out under mild conditions, immersing high-area Cu/G in
a mixture of o-(trimethylsilyl)phenyl triflate (as benzyne
precursor) and cesium fluoride, for several days (Fig-
ure 15a).[64] Benzyne was generated by fluoride-induced
elimination of trimethyl silyl (TMS) and triflate (OTf) from
the corresponding precursors. The appearance of Raman and
energy-dispersive X-ray (EDX) spectral signals confirmed
the covalent modification of the carbon nanostructure (Fig-

Figure 13. a) Diels–Alder reaction between SiO2/XG and TCNE.
b) Optical image showing a piece of graphite, SLG, and FLG in the
sample of SiO2/G. c,d) Raman spectra of graphite, FLG and SLG
before (c) and after (d) Diels–Alder reaction. Reprinted from Ref. [57],
Copyright 2011 American Chemical Society.

Figure 14. 3D simulation of the two possible adducts from a [4++2]
(left) and [2++2] (right) cycloaddition of graphene with benzyne.
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ure 15b–f). Raman spectra showed direct signals of benzene
moieties, such as bands corresponding to C=C¢C vibrations
(1595 and 1492 cm¢1), C¢C vibrations (1300 cm¢1), C¢H
stretching and bending at different frequencies. It is worth
noting that graphene also generates fluorescence which is
visible in the Raman spectrum.

Graphene on substrates has also been functionalized by
[2++1] cycloadditions. Although there are different
approaches to functionalize graphene by this type of peri-
cyclic reactions,[65] only nitrene addition has been described
thus far. Thermally generated nitrene radicals from azido-
trimethylsilane have been used to modify SiC/EG under
vacuum.[66] Nitrene radicals reacted with the C=C bonds of
graphene to form aziridine adducts, creating two adjacent sp3-
hybridized carbon atoms. The degree of functionalization was
established by XPS and was relatively low, as shown by the
intensity ratio of N/C� 0.019 (Figure 16). In addition, high-
resolution photoemission spectroscopy (HRPES) showed the
bandgap opening of 0.66 eV, due to the covalent modification.

Annealing at high temperatures of the
functionalized graphene caused the
bandgap closure, returning to the intrin-
sic metallic behavior of graphene.

3.3. Introduction of Single Atoms

Graphene can be covalently modi-
fied by attachment of atoms, including
hydrogen, fluorine, chlorine, and
oxygen. These covalent modifications
are very interesting because they are
mostly reversible processes and allow
for high functionalization levels.
Accordingly, semimetal, semiconduct-
ing, or insulator materials can be
designed. Besides, the functionalized
material can be subjected to further
covalent functionalization.

3.3.1. Hydrogenation

Hydrogenation of graphene on sub-
strates can be achieved by liquid- and
plasma-based processes.[67] The first
approach was reported by Geim and
Novoselov.[68] Partial hydrogenation of
XG on SiO2/Si was achieved by hydro-
gen plasma treatment for 2 h, which
transforms the highly conductive zero-
bandgap semimetal into an insulator.
The covalent functionalization was
easily reverted by annealing at high
temperature (450 88C in Ar atmosphere
for 24 h).

Liquid-based methods are the most
successful to achieve a high hydrogen

Figure 15. Cycloaddition reaction of Cu/G with benzyne generated from fluoride-induced
decomposition of o-(trimethylsilyl)phenyl triflate. Raman spectra of Cu/G before (black) and
after (blue) benzyne cycloaddition for 8 days. Reproduced from Ref. [64], Copyright 2013
Elsevier.

Figure 16. HRPES experiments for graphene functionalization with
azidotrimethylsilane: a)–c) C1s core-level spectra obtained at 320 eV,
d)–f) N 1s core-level spectra obtained at 500 eV and g)–i) valence band
spectra at 130 eV. Samples: SLG (a,d,g); higher (b,e,h) and lower
functionalized EG at 100 88C, (c,f,i). Reprinted from Ref. [66], Copyright
2009 American Chemical Society.
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coverage; a well-known example is provided by the Birch
reduction.[69] Treatment of single-layer CVD-grown graphene
on SiO2/Si with Li/NH3 solution, followed by quenching in
ethanol, led to hydrogenated graphene, also called graphane,
G-H, in just a few seconds. Raman spectroscopy showed
a high increase in sp3 carbon atoms on the graphene structure,
with an ID/IG ratio of 1.57 and a broadening of all the bands.
Additionally, XPS analysis did not exhibit any increase in
heteroatom concentration, confirming that no other side
reaction had occurred. The drastic hydrogenation produced
the elimination of electronic conductivity in the graphene
material, transforming it into an insulator with very high
resistivity. Besides, Raman spectroscopy and conductivity
measurements confirmed the complete reversibility of the
process by thermal annealing. Alternatively, when the
quenching of the Birch reduction was carried out with
tributyltin chloride, a new functionalization of the carbon
structure with tributyltin moieties was achieved, as confirmed
by XPS analysis.

A high hydrogenation level of a few layers CVDG on
SiO2/Si was also achieved with microwave plasma treat-
ment.[70] In this case, changes in the electronic and magnetic
properties were measured as a function of hydrogen intro-
duced in the structure at different substrate temperatures,
turning graphene into a room-temperature ferromagnetic
semiconductor material. This functionalization opened the
possibility of using G-H in spintronic nanodevices, magneto-
resistance, or magnetic memory devices.

EG has also been partially hydrogenated.[71] One example
is the hydrogenation of Ir (111)/EG for bandgap engineer-
ing.[71a] Combined angle-resolved photoemission spectrosco-
py and STM analysis of EG-H exhibited a bandgap opening
that was dependent on H coverage, achieving a gap opening
of 73 eV at 23 % of H coverage.

Hydrogenation is a useful strategy for graphene pattern-
ing.[72] XG on Si/SiO2 was coated with hydrogen silsesquiox-
ane (HSQ), and then it was irradiated with an electron beam.
This irradiation cleaved Si¢H bonds, thereby generating H
species that reacted with sp2 carbon atoms of graphene basal
planes. This approach presents high selectivity at room
temperature relative to the number of graphene layers.
Higher hydrogenation degrees were achieved on SLG relative
to BLG. This fact was attributed to the absence of p-stacking
on SLG as well as to out-of-plane deformations that stabilize
the transition state of the hydrogenation reaction. Besides,
the hydrogenation was easily reverted by thermal annealing
(100–200 88C). These results enabled the localized generation
of reactive species to pave the way toward the reversibly
controlled micropatterning of functionalized graphene
patches (Figure 17).

Very recently, the dependence between chemical reac-
tivity of supported graphene with the nature of the substrate
was also studied in hydrogenation processes.[73] Different
supported graphenes based on XG were prepared: SiO2/SLG,
SiO2/BLG, MoS2/SLG, and WS2/SLG, of which the corre-
sponding dichalcogenides are 2D materials. After treatment
with HSQ under electron beam irradiation, the SiO2/SLG
showed the highest D-band intensity, whereas SiO2/BLG,
MoS2/SLG, and WS2/SLG did not exhibit changes in the D-

band. According to the authors, the main reason of the high
chemical stability of these graphene substrates formed by 2D
structures is the strong van der Waals interaction between the
graphene layer and the 2D substrate that hinders geometric
lattice deformation of graphene in the reaction.

3.3.2. Halogenation

Another important class of single-atom attachment is the
halogenation reaction. Graphene can be typically halogen-
ated by different methods. This kind of functionalization was
only achieved with fluorine or chlorine, due to stability issues
with the other halogens. Halogenation of supported graphene
can be achieved in a number of ways, for instance, by
treatment with halogen-based plasma,[74] by interaction with
fluorine atoms derived from the decomposition of fluorinat-
ing agents such as XeF2,

[75] and by photochemical reactions.[76]

Fluorination is characterized by fast kinetics; therefore, the
reaction is difficult to control in terms of functionalization
degree.[74e] As a consequence, fluorine attachment resulted in
products with wide bandgaps, reduced conductivity, and
charge mobility. Moreover, fluorinated graphene can be
considered as a viable precursor for the synthesis of other
graphene derivatives, as it is susceptible to nucleophilic
attacks.[77]

Recently, fluorination of SiC/EG using plasma SF6 EG has
been reported.[74a] The resulting partially fluorinated gra-
phene exhibited F/C ratios of 0.05 and 0.1 from the C-face and
the Si-face terminations of SiC, as seen by XPS analysis. By
contrast, treatment of SiO2/CVDG through XeF2 gas expo-
sure at 30 88C resulted in a highly functionalized material on
both sides, with a C1F1 stoichiometry; this was possible as the
gas is able to pass through the naturally occurring pinholes

Figure 17. a) Optical image of ebeam-patterned SiO2/G by hydrogena-
tion. b) D-band Raman map for the squared part in (a). c) Raman
spectra of 2 L and 1 L squares in (a). Reproduced from Ref. [72],
Copyright 2008 American Chemical Society.
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underneath the graphene layer, where it preferentially etches
silicon and concurrently fluorinates graphene backside.[75a]

Analogous treatment of Cu/CVDG led to a single-side
functionalized material with C4F1 stoichiometry (25% F
coverage). The Raman spectrum of single-side-functionalized
graphene exhibited the appearance of a D-signal (1350 cm¢1)
and the broadening of the graphene band (1580 cm¢1), due to
the high sp3 hybridization of carbon atoms. By contrast,
functionalization on both sides of graphene cancelled the
Raman signals, as a result of the dramatic changes to its
structure.

In contrast with fluorination, chlorination exhibits slower
kinetics that allow for better control of the functionalization
level, without introducing extensive structural damage in the
material. For example, Cu/CVDG showed an increase in
conductance after plasma treatment with chlorine.[74b] Chlori-
nation of supported graphene led to only partial functional-
ization with 8% Cl coverage on SiO2/G by a photochemical
process,[76a] or Au/G-Cl with 8.5% coverage by a chloride-
based plasma.[74e] Very recently, chlorination of single-layer
Cu/CVDG was controlled by tuning plasma conditions (Fig-
ure 18).[74b] Different functionalization levels were achieved,
for which the optimized conditions led to a surface coverage

of 45 % with a good carrier mobility of the G-Cl material. By
tuning the plasma conditions, it was also possible to control
the interaction between graphene and chlorine atoms (i.e.,
through ionic bonding, covalent bonding, and defect crea-
tion).

Routes to G-Cl are also important as they open the way to
the introduction of other molecules by substitution of the Cl,
generally a good leaving group. Recently, SiC/EG-Cl was
functionalized through nucleophilic substitution with
a Grignard reagent (CH3MgBr, Figure 19).[76b] STM imaging
revealed that photochlorination was carried out on the
regions where graphene was present as a monolayer. The
functionalization with the Grignard reagent was confirmed by
the disappearance of Cl peaks and the concomitant increase
of the C1s signal in XPS analysis.

3.3.3. Oxidation

Oxidation has traditionally been the most common
method in the research community to modify graphene
derivatives, to tune their properties, and to explore their
functionalization.[13e] Oxidized graphene on a substrate can be
easily prepared by aggressive acid treatments starting from
graphite, as for example with the Hummers method.[78]

However, this material shows inferior electrical conductivity
compared to other pristine graphene derivatives. The direct
oxidation of EG and CVD-grown graphene overcomes the
limitations of GO prepared by Hummers method. Different
approaches have been described for oxidizing this kind of
graphene derivatives. It is important to consider that during
the manufacture of graphene-based devices, the graphene
material must be subjected to harsh conditions in the presence
of oxygen. For this reason, an understanding of the stability of
graphene on substrates under oxygenating conditions is also
necessary.

Figure 18. a)–c) Evolution of Raman spectra of Cu/CVDG under differ-
ent voltages applied in the plasma treatment. Blue: after annealing,
red: after chlorination, black: before chlorination. d)–f) Structural
representation of Cu/CVDG under different applied voltages. The
yellow dots indicate the carbon atoms that experience sp2-to-sp3

hybridization change. The purple bonds are covalent C¢Cl bonds. The
green bonds are ionic bonds between C and Cl. Reprinted from
Ref. [74b], Copyright 2013 American Chemical Society.

Figure 19. a) Sequential photochlorination and methylation of SiC/EG.
b) STM images of SiC/EG in different steps of functionalization.
Reprinted from Ref. [76b], Copyright 2012 American Chemical Society.
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A detailed study of the electrochemical oxidation of EG
and its influence on the electronic and optical properties has
been reported.[79] Controlled electrochemical oxidation of
SiC/EG has been carried out using HNO3 by applying the
corresponding potential. Characterization has been per-
formed by Raman spectroscopy and atomic force microscopy
(AFM) at different voltages. The results suggest that the rims
in the graphene structures, formed during the synthesis, play
an important role in the oxidation process. Probably the
curved defects enhance the reactivity in the electrochemical
process. The electro-oxidized SiC/EG showed semiconductor
behavior with an enhanced photosensitivity relative to pris-
tine EG. Other oxidation methods for EG have been
developed, as for example thermal processes. The exposure
of SiC/EG to atomic oxygen under ultra-high vacuum
conditions generated a covalent homogeneous modification
of graphene with oxygenated groups.[80] STM images of
oxidized EG showed 1.2 nm-diameter protrusions in the
structure, which were interpreted as epoxy groups. In
addition, a complete reversibility of the process was observed
by thermal annealing at 260 88C as verified by STM, HR-XPS,
and Raman spectroscopy. The oxidation degree is clearly
tunable by controlling the exposure time against atomic
oxygen. Besides, a local oxygen desorption was achieved by
applying a high negative voltage through the STM tip. This
result might provide a nanopatterning of EG surfaces.
Despite being an aggressive type of treatment, supported
EG was also treated with the typical Hummers method.[81]

The oxidation is strongly dependent on the reaction condi-
tions as previously mentioned. Hersam and co-workers have
studied the properties of several oxidized SiC/EG employing
two different reaction procedures with Hummers oxidizing
agents: either by dipping or drop-casting.[81a] In the first case,
SiC/EG was submerged in the corresponding oxidizing
aqueous solution, whereas in the second procedure, the
oxidizing solution was drop-cast on the substrate and
subsequently heated at 60 88C. In both cases, the oxidation
led to the same changes in the electronic properties such as an
opening of the bandgap (0.4 eV), higher resistivity, and p-type
doping. The main difference was observed in the oxygenated
groups present in the graphene structure. XPS analysis of
dipped-in oxidized SiC/EG showed a heterogeneous material,
with a dominant fraction of epoxy groups in addition to
carbonyl and hydroxy groups. This oxidation method afforded
an oxidized material that could not be reverted back by
thermal processes. In contrast, the drop-cast oxidized SiC/EG
showed only epoxy groups and could be completely reverted
back to pristine EG through annealing at 260 88C. The plasma
treatment of SiC/EG in an O2/Ar led to a covalent modifi-
cation of the graphene surface by incorporation of oxygen as
ether, alcohol, and carboxyl groups, changing its electronic
properties.[82] In this instance, the oxidation degree can be
controlled by tuning the operating pressure.

The oxidation of CVDG has also been studied to under-
stand its thermal stability in harsh environments.[83] In
particular, treatment of single- and bilayer SiO2/CVDG in
air at 550 88C led to structural modifications. For SLG, the
disappearance of the typical wrinkles in this kind of graphene
and the formation of cracks and pits in the basal plane were

already observed after short times of thermal exposure
(Figure 20). However, a much higher resistance to the
thermal oxidation was found for BLG. The photostability of
SiO2/CVDG has also been studied because it is of major
importance for applications under solar radiation.[84] Expo-
sure of SLG to UV/O3 led to a rapid photooxidation that
occurred uniformly on the graphene basal plane. In addition,
the process did not produce cracks and pits, in contrast to
other oxidation methods.

Recent studies of the chemical stability of XG on
substrates under oxidizing conditions has also been devel-
oped.[73] As we mentioned in Section 3.1, the nature of the
substrate is a very important factor in functionalization
processes of graphene. UV/O3 treatment was carried out on
SiO2/SLG and hBN/SLG. Under these conditions, the gra-
phenic structure of SiO2/SLG was destroyed in a few minutes,
whereas in hBN/SLG less defective graphene was detected by
Raman spectroscopy, probably due to the stronger van der
Waals interactions of graphene and substrate.

4. Conclusions and Outlook

In conclusion, we have discussed the importance of
graphene properties (i.e., number of layers, defects, substrate,
curvature, etc.) for achieving effective covalent functionali-
zation. This represents an important step forward in the
implementation of graphene in practical devices.[85] The
unique conducting properties of the graphene structure and
its ability to absorb irradiation allow for the use of interesting
nonconventional methods for its functionalization,[13b]

thereby offering a chance for the development of “green”
routes, even in a reversible manner, for applications that
require ON/OFF switches or logic states. Electronic devices
could be built from the integration of patterned areas of
pristine and functionalized graphene that would create
metallic or semiconducting regions. This is especially true
for functionalization methods that significantly alter the
electronic states of graphene, such as stannylation or fluori-
nation as n-doping or p-doping methods, respectively. Alter-
natively, reversible graphene functionalization could be used
to reversibly reduce its conductivity, thus creating 0 and
1 states as two electronic outputs as in logic gates.[86]

Implementation of such states with electronic devices could
effectively create alternative forms of computing, as is already
happening for DNA.[87] Presently, there are still many barriers
to overcome in order to realize such great nanotechnological
potential. Thermally reversible reactions, such as the Diels–

Figure 20. AFM images before (left) and after (right) thermal oxidation
at 55088C of single-layered SiO2/CVDG. Reprinted from Ref. [83], Copy-
right 2012 American Chemical Society.
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Alder reaction, require elevated temperatures, which may not
be suitable to universal devices. Others, such as fluorination
reactions, are often only partially reversible, leaving defects
on the graphene structure.[86] Nevertheless, new methods
continue to emerge to overcome these limitations. For
instance, mechanical stress can drive the cleavage of chemical
groups attached on graphene, and the technique is especially
successful to remove oxygen and fluorine atoms, as recently
shown by AFM.[88]

Covalent modifications of graphene on substrates might
also be beneficial for the reliable use of graphene-based
devices in demanding biological environments. Many efforts
are being made in the field of biotechnology for the develop-
ment of devices that allow for restoring of damaged abil-
ities.[89] However, there are many challenges for graphene in
the field of biotechnology. One of them is the biocompatibil-
ity of graphene devices, for which the covalent modification of
graphene will be play a fundamental role.

It is therefore apparent that the complete understanding
and full control of the functionalization of graphene on
substrates has not yet been achieved, leaving a lot of room for
further development. In particular, the graphene properties
(e.g., surface charge) have been successfully fine-tuned upon
covalent modification in solution,[90] and it would be interest-
ing to translate those routes to substrate-supported graphene.
In this respect, it is tempting to generally assume higher
reactivity for graphene in solution relative to graphene on
substrates, as experimentally shown in some cases.[57] How-
ever, many examples of innovative methods have been
reported to invert the trend and ultimately enhance the
reactivity of graphene on substrates (e.g., application of
strain[49a] or underlying nanoparticles[42a] to introduce ripples
and increase surface curvature, respectively). Many more
possibilities exist for graphene on substrates that are just now
being unveiled and were simply unthinkable just a few years
ago. For instance, graphene could be used as a barrier to mask
the underlying substrate from certain chemical reactions,
while allowing others, such as acid–base transfers. Indeed,
protons can be reversibly transferred from aqueous solutions
through natural atomic defects of SLG onto the underlying
SiO2 substrate.[91]

In conclusion, this review should provide readers with
some useful tools to make an informed choice amongst the
available options to covalently functionalize graphene on
substrates (see Table 1). At present, there are still many
mechanistic questions that are left unanswered and prevent
mastering of the graphene reactivity, but hopefully the
current gaps will be of inspiration for new developments in
the field of graphene chemistry.
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